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Abstract
In the last few years, the interest on nanomaterials and their applications have
increased in a considerable way. Hence, the knowledge of the possible hazards
on human health becomes necessary. Besides the description of the toxicological
effects of nanomaterials, the exposure level on the worksites is one of the key data
of the problem. The present work aims at studying the resuspension of ultrafine
particles in the air during the falling of nanostructured powders.
A numerical approach has been developed aiming at simulating the free falling
of a powder cluster. The results show that a resuspension of particles occurs fol-
lowing the powder cluster deformation during the free fall of the particles in the
air. Isolated particles remain suspended in the air for a long time.
Free falling experiences have been carried out in a 180*50*80 cm chamber with
TiO2 and SiO2 nanostructured powders. An Electric Low Pressure Impactor (ELPI)
has been used for measuring the particle number concentration as well as the size
distribution of the generated aerosols (particle suspension in the air). The ag-
glomerates constituting the original powder were resuspendend in the air. The
presence of ultrafine aggregates of TiO2 and SiO2 nanoparticles in the air has
been checked by ELPI measurements and SEM visualizations of the ELPI stages.
The aerosol size distribution is bimodal with two populations, concerning a mi-
crometric nanostructured agglomerates, and ultrafine aggregates coming from mi-
crometric agglomerates break-up. The influence of the height of the fall upon the
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aerosol concentration is significant. However, the aerosol size distribution remains
roughly constant for a given powder, independently of the height of the fall.
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1. INTRODUCTION 
In the last few years, there was a growing interest in the study of nanomaterials, 
applications and production. Nanomaterials are defined as having at least one 
dimension in the nanometric scale (less than 100 nm). Their peculiarity comes 
from the large amount of atoms which are presents on the particle surface (grain 
boundaries) compared to their relative small volume. It is the reason of the 
different properties (mechanical, optical, electronic and much more) of 
nanomaterials when comparing to the raw materials (Brune et al., 2006). 
Some works have been devoted to the toxicological (Maynard, 2006; 
Oberdörster et al., 2007) and environmental (Moore, 2006) risks of nanopowders. 
These works have shown that for equivalent substance, the effect on the human 
health can be more severe for nanoparticles than for coarser particles. The 
respiratory deposition depends on the particle size. Smaller sizes enhance the 
access into the blood streams through the alveoli and through the nose. Contrary 
to coarser particles, the toxicological effect of nanoparticles is not determined by 
the total inhaled mass. Surface area, particle number and shape seem to be more 
pertinent parameters. 
Table 1. Measured physical properties of the tested powders. 
 TiO2 SiO2 
Primary particle size 
(given by the manufacturer) 5-10 nm 12 nm 
Agglomerate mass median diameter 
(Mastersizer 2000) 1.6 μm 11.5 μm 
Agglomerate number median 
diameter 
(Mastersizer 2000) 
0.93 μm 5.1 μm 
Particle density 
(Helium pycnometry) 
3 100 
kg/m3 
2 300 
kg/m3 
Tapped density 
(Hosokawa Micron Powder Tester) 620 kg/m
3 58 kg/m3 
BET Surface 340 m2/g 200 m2/g 
Fractal Dimension (Mastersizer 
2000) - 2.09 
 
Despite the existence of toxicological works, studies concerning the 
nanoparticle exposure levels in worksites are still very scarce. To the best of our 
knowledge, few analyses are only concerned with the carbon nanotube release 
(Baron et al., 2003; Maynard et al., 2004). This work aims at giving new data to 
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describe and understand the undesirable nanoparticle release during the free fall 
of a nanopowder. 
In our experimental facility, a 180*50*80 cm stainless steel chamber has 
been used with two High Efficiency Particulate Air (HEPA) filters in both the air 
inlet and outlet. The powder was stored in a silo which can be located at a 
variable height in the chamber. The silo has a vibrated rotating beaker to enforce 
the powder fall in a reproducible way. The size distribution and concentration of 
the generated aerosol have been measured with an Electric Low Pressure 
Impactor (ELPI) during and after the powder fall. 
The selected nanopowders were titanium dioxide (G5, Millennium 
Inorganic Chemical ®) and fumed silica (Aerosil 200, Degussa ®). The properties 
of both powders are reported in Table 1. 
2. DIMENSIONLESS NUMBERS 
The free fall of a particle cluster through air, which is initially at rest, will be 
studied by means of numerical modelling. The temperature is assumed to be 
constant and uniform in the domain. Hence, the airflow is only induced by the 
falling powder. In that case, the powder aerodynamic behaviour can be described 
by some dimensionless numbers which concern an isolated particle (Reynolds, 
Stokes and Peclet numbers) or the collective motion of the particle cluster. The 
particulate Reynolds number, Rep, characterises the ratio between the inertial 
forces and the viscous forces acting on an isolated particle. It is given by Equation 
(1), where the settling particle velocity, the particle radius and the kinematic 
viscosity are respectively Up, a and ν. 
ν
aU
Re pp =  (1) 
Viscous forces acting over very small particles are much more significant 
than inertial forces (Rep<<1). In that case, the particle settling velocity, Equation 
(2), is obtained by using the Stokes’ law. Up depends on the density ratio (ρ*= 
ρp/ρf) and the acceleration of the gravity (g); it scales with the square of the radius. 
ν
ag)1ρ(
9
2U
2*
p
⋅⋅−⋅=  (2) 
Due to collective effect, the particle cluster can have a different dynamics. 
It is then desirable to define the cluster Reynolds number (Red), Equation (3). 
Even at low concentrations, aerosols have a strongly inertial behaviour. This is 
due to the large difference between the density of the air and the equivalent 
density of the cluster. The Stokes’ law is no longer relevant for estimating the 
settling speed of the cluster. It is more appropriate to use a drag coefficient equal 
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to 0.45 (Crowe et al., 1998), assuming that the spherical shape of the cluster is 
maintained during the fall. Hence the particle cluster settling velocity can be 
approximated by the Equation (4). This equation is valid for cluster Reynolds 
numbers in the range 103 to 2·105. (Note that the cluster Reynolds number given 
by Equations (3) and (4) is only approximate, because the particle cluster is 
deformed during its fall and hence its velocity is continuously changing). 
ν
RURe dd =  (3) 
The classical drag coefficient experienced by a solid sphere at high 
Reynolds number is roughly equal to 0.45. This can give an estimation of the 
mean settling velocity (eq. 4) of the cluster considered as a non-deformable solid 
sphere. Based on the results of Vanni (2000), a more appropriate estimation of the 
drag coefficient may be used while the cluster can be considered as a solid porous 
media (collection of aggregates of primary nanoparticles). Although such an 
estimation of the settling velocity of the cluster as a whole is probably more 
accurate, the dominant phenomenon is the deformation of the cluster along the 
falling path which leads to the aerosol generation together with a strong variation 
of the mean velocity. The Reynolds numbers Red in Table 2 are only indicative 
pointing out that the hydrodynamic regime of the flow around the cluster is more 
likely to be turbulent. 
( )
45.0
Rgε1)1ρ(
3
8U
*
d
⋅⋅−⋅−⋅=  (4) 
The Stokes number, St, characterises the ratio between the particle 
relaxation time, τp, Equation (5), and a fluid flow characteristic time. In the case 
of the free fall of a particle cluster, the characteristic time is the ratio between the 
radius of the cluster and its settling velocity. 
ν
aρ
9
2
τ
2*
p ⋅=  (5) 
When the Stokes number, Equation (6), is high (St>>1), the particle 
relaxation time is high compared to the fluid flow characteristic time. Hence, the 
particle behaviour is strongly inertial (the particles need a long time to respond to 
a velocity fluctuation in the fluid). On the other hand, when the Stokes number is 
small (St<<1), the particle relaxation time is small and the particles will adapt 
quickly to the fluctuations in the fluid motion (this is the typical case of 
nanopowders in air). 
R
U
τSt dp=  (6) 
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Finally, the Froude number (Fr) gives the ratio between the inertial forces 
and the gravitational force acting on the particle cluster, Equation (7). 
Rg
UFr d⋅=  (7) 
For very small particles (particle size of the order of 1 μm or smaller), the 
Brownian diffusion due to thermal agitation must be taken into account. For an 
isolated particle, the diffusion coefficient can be estimated by the Stokes-Einstein 
prediction, Equation (8), where the Boltzmann’s constant k=1.381·10-23 Nm/K, 
the fluid temperature T, and the dynamic viscosity μ: 
aπμ6
kTD =  (8) 
Aiming at quantifying the respective role of diffusion on the global 
behaviour of the aerosol, the Peclet number (Pe) is defined, as the ratio between 
the settling motion of an isolated particle and its diffusive motion. A small Peclet 
number implies that the diffusive motion is significant. 
D
aU
Pe p=  (9) 
The dimensionless numbers corresponding to the selected nanopowders 
are reported in Table 2. 
Table 2. Dimensionless numbers corresponding to the tested nanopowders. 
 TiO2 SiO2 
ReP 3·10-6 3·10-4 
Red 5·10+4 2·10+4 
St 7·10-3 5·10-2 
Fr 4·10+1 1·101 
Pe 6 1·10+3 
3. PHYSICAL MODEL 
An Eulerian-Lagrangian approach has been used to simulate the fall of the particle 
cluster. The air flow can not be known a priori because it is induced by the 
collective particle motion. Hence the motions of the two phases (particles and air) 
are intimately coupled through the local and instantaneous momentum transport. 
In the numerical model, the air flow is obtained by direct numerical solution of 
the Navier-Stokes equations, Equations (10) and (11), where a source term (φs) 
has been included. 
 (10) 0=u∇
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sφuuu
u +⋅+−∇=⎥⎦
⎤⎢⎣
⎡ ∇⋅+∂
∂⋅ ΔμP
t
ρ f  (11) 
The source term takes into account the interactions between the particles 
and the fluid, Equation (12). Its spatial distribution depends on the particle 
positions and on the particle-fluid forces. The first term in Equation (12) 
corresponds to the forces applied on the fluid by the particles. The second one 
models the effective reduction of the local inertia and weight of the fluid when a 
fraction of the volume is occupied by the particles. 
∑
= ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ −∇⋅+∂
∂⋅+⎟⎟⎠
⎞⎜⎜⎝
⎛ −⋅= pN
1i
f
,p
p
f
p
t
ρ
dt
dU
ρ
V
V
guuugφ is  (12) 
Equations (10), (11) and (12) are directly solved using a finite volume 
method for the discretization on a staggered grid. Second order accuracy in time 
and space are achieved using a third order Runge-Kutta scheme together with the 
use of an auxiliary potential to enforce incompressibility. Simultaneously, the 
trajectories of the particles are determined by the force balance acting on each 
individual particle. This balance takes into account the buoyancy, drag and 
inertial forces, Equation (13). Particles are assumed to be free of electric charges; 
therefore the particle-particle interactions are neglected. As a first approximation, 
we assume in the modelling approach that aggregates of nanoparticles which 
correspond to the Lagrangian elements of the simulation are not experiencing any 
colloidal or chemical bonds. This assumption is presumably very restrictive for 
strongly cohesive powders (TiO2) but may be acceptable for loose clusters of 
softly linked particles (SiO2). 
( ) ( )uUuUgU ---- pp2Dfpfpppp aπ21CρVρρdtdVρ ⋅=  (13) 
Equation (13) is integrated by a 4th order Runge-Kutta scheme. The time 
step is at least 10 times smaller than the particle relaxation time τp. At each time 
step, a Brownian motion contribution, Equation (14), is added. ξ is a random 
vector following a Gaussian distribution with a standard deviation equal to one. 
dtD2d ⋅⋅⋅= ξr  (14) 
The system of coupled equations has been solved only in 2-D 
configurations. In some cases, the particle falls through a fixed domain. In other 
cases, the particle cluster is fixed in the centre of the domain, by setting a fluid 
velocity of the same intensity as the particle motion, but in the opposite direction. 
This corresponds to a uniform translation of the referential. 
 
5Ibaseta et al.: Aerosol Generation from Free Falling Nanopowders
Published by The Berkeley Electronic Press, 2008
4. NUMERICAL RESULTS 
4.1 Code Validation 
The free fall of a particle cluster without Brownian diffusion (Pe→∞) has been 
already studied for small and moderate Reynolds number, Red<100 (Nitsche and 
Batchelor, 1997, Machu et al., 2001, Bosse et al., 2005). Aiming at validating our 
approach, we have carried out some simulations with physical properties similar 
to those of Bosse et al. (2005). Initially, the particles are randomly seeded within 
a cylindrical shape (or spherical in three-dimensional simulations). Within the 
cluster, the overall particle concentration is homogeneous at the initial state. The 
origin of the deformation and break-up of the cluster is only related to the coupled 
dynamics of the carrying gas flow and the particle trajectories. 
 
0 0.5-0.5 0 0.5-0.5
4.5
5.0
5.5
4.5
5.0
5.5
 
Figure 1. Streamlines of the flow, Red=10-2, St=10-3, Fr=0.448, ρ*=1 000. Left: 
Steady frame of reference. Right): Frame of reference moving with the centre of 
the particle cluster. Each box is 2*2 cm size. 
Figure 1 shows the streamlines of the fluid in a fixed frame of reference 
and in the frame of reference moving with the centre of the particle cluster 
(Red=10-2, St=10-3, Fr=0.448, ρ*=1 000). The agreement between our results and 
those of Bosse et al.(2005) is good. It is important to note that even for small 
particle Reynolds number there is a particle leakage in the wake of the drop. This 
release leads to a loss of stability of the drop, which is going to break during its 
fall (Metzger et al., 2007). 
The Figure 2 shows the unsteady evolution of the particle cluster for 
Red=1 (St=0.076, Fr=4.47 and ρ*=1 000). The shape of the particle cluster is 
unsteady and breaks into two distinct clusters. The two clusters evolve separately 
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and continue to break up into smaller clusters. This behaviour is due to the 
particle leakage in the wake of the particle cluster; the continuous release of 
particles depopulates the centre of the cluster and provokes the cluster separation 
when the fluid is able to flow through the cluster. 
This second result is also in agreement with those of Bosse et al. (2005). 
We can conclude that for similar values of the Reynolds number, the qualitative 
behaviour of the break-up process of the particle drop is properly simulated. 
a) b)
c) d)
e) f)
Figure 2. Evolution of a particle cluster during its free fall. Red=1, St=0.0076, 
Fr=4.47, ρ*=1 000. a) t=0 s; b) t=0.1 s; c) t=0.2 s; d) t=0.3 s; e) t=0.4 s; f) t=0.5 s. 
Each box is 2*2 cm size. 
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g) h)
i) j) 
Figure 2 (continuation). . Red=1, St=0.0076, Fr=4.47, ρ*=1 000. g) t=0.6 s; h) 
t=0.7 s; i) t=0.8 s; j) t=0.9 s. Each box is 2*2 cm size. 
4.2 Impact of a Particle Cluster onto a Plane Solid Surface 
Then, we used our numerical model for studying the impact of a particle cluster 
onto a solid surface. The corresponding dimensionless numbers are Red=96.3, 
St=0.739, Fr=44.0 and ρ*=1 000. In this case, the particle cluster deforms very 
quickly and spreads over the horizontal direction, especially after the impact. It is 
clearly possible to observe isolated particles which may be suspended in the air 
for a long time. 
Some simulations taking into account the Brownian diffusion have also 
been carried out. However, the diffusion coefficient corresponding to the 
considered physical properties is barely 2·10-13 m2/s (Pe=105). Hence, there are 
not remarkable differences between the results with and without diffusion. 
When the particles of the cluster are impacting on the flat horizontal 
surface at the bottom of the simulation domain, we assume that the rebound is 
purely elastic (normal velocities before and after rebound are opposite while the 
tangential velocity is unchanged). This assumption is presumably not realistic 
while the aggregates of nano-particles may release fine aerosol originating from 
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the breakage of the fractal structure of the powder. This aspect of the model will 
be investigated in forthcoming simulations. 
a) b)
c) d)
e) f) 
Figure 3. Temporal evolution of the particle cluster when impacting onto a solid 
surface. a) t=0 s; b) t=0.05 s; c) t=0.10 s; d) t=0.15 s; e) t=0.20 s; f) t=0.25 s. The 
box dimensions are 5*6 cm. Red=96.3, St=0.739, Fr=44.0, ρ*=1 000. 
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g) h)
i) j) 
Figure 3 (continuation). g) t=0.30 s; h) t=0.35 s; i) t=0.40 s; j) t=0.45 s. The box 
dimensions are 5*6 cm. Red=96.3, St=0.739, Fr=44.0, ρ*=1 000. 
5. EXPERIMENTAL RESULTS 
As shown in Table 2, the cluster Reynolds numbers for the tested powders are in 
the order of 104. This indicates that the particle cluster behaviour is strongly 
inertial. Hence, it is going to rapidly deform, leading some particles to be isolated. 
Since the settling velocity of the isolated particles is very small, they can stay in 
the air for a long time. This fact is checked by visual observation of the fall and 
by the measurements carried out with the ELPI in our experimental set-up 
(Ibaseta and Biscans, 2007). 
Figures 4 and 5 show the size distribution of the generated TiO2 aerosols, 
for different heights of fall and two dropped masses. In these distributions, the 
particle size is measured in terms of aerodynamic diameters. Aerodynamic 
diameter is defined as the diameter of the sphere having a unit density of 1 000 
kg/m3 and the same settling velocity as the particle. It is the particle property that 
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Figure 4. Size distribution of the TiO2 aerosols at a height of sampling of 50 cm 
from the bottom, for different heights of fall and a same dropped mass (49.5 g) 
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Figure 5. Size distribution of the TiO2 aerosols at a height of sampling of 50 cm 
from the bottom, for different heights of fall and a same dropped mass (5.5 g) 
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determines the particle deposition in airways. The generated aerosols have a 
bimodal distribution, independently of the experimental conditions. Maxima are 
at 38 nm and 1.22 μm. When the aerodynamic diameter is converted to the 
mobility diameter (the diameter of the particle having the same velocity to driving 
force ratio), these maxima correspond to 27 nm and 998 nm. Hence, the first 
maximum seems to indicate that there is a resuspension of ultrafine aggregates of 
TiO2 during the fall of the powder or during the impact against the impact solid 
surface, whereas the second one indicates the resuspension of the micrometric 
nanostructured agglomerates constituting the powder. 
100 nm 63 nm
57 nm
100 nm
1 μm
 
Figure 6. TiO2 aggregates collected on the ELPI stages and observed by SEM. 
 
Aiming at verifying the existence of ultrafine aggregates in the air, the 
ELPI stages have been observed by Scanning Electron Microscopy (SEM). Figure 
6 show some TiO2 agglomerates and aggregates which are present in the air after 
the powder fall. Ultrafine aggregate concentration seems to depend on the 
experimental conditions. 
On the other hand, nanostructured micrometric agglomerate concentration 
(second peak of the size distribution) seems to be strongly influenced by 
experimental conditions. Since particle mass can be neglected in the case of 
ultrafine aggregates, resuspension of micrometric agglomerates can be studied by 
analyzing the influence of the experimental conditions on the mass concentration 
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of the aerosol. Figure 7 shows the total mass concentration estimated from the 
ELPI measurements, for different heights of fall and dropped masses. For a given 
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Figure 7. Mass concentration of the generated aerosol as a function of the height 
of fall at 50 cm from the impact surface. Aiming to compare both powders, 
experiences have been carried out for a same volume of powder 
 
 
 
Figure 8. SiO2 aggregates collected on the ELPI stages and observed by SEM. 
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height of fall, the aerosol mass concentration is higher for higher mass of powder, 
even when concentrations are normalized by the dropped mass. For a given mass 
of powder, the aerosol mass concentration increases with the height of fall (h) 
following a power law. Exponent values are 1.28 for 5.5 g of dropped TiO2 and 
2.09 for 49.5 g. They are in good agreement with previous works concerning 
micrometric powders (Cheng, 1973; Sutter et al., 1982; Plinke et al., 1991; 
Heibrink et al., 1992), where the fractional mass loss resuspended in air depends 
on hα, with α values ranging between 0.58 (Cheng, 1973) and 2.0460 (Sutter et al, 
1982). In our case, an interaction of both parameters, dropped mass and height of 
fall, is observed. This kind of interaction has been already observed by Suttler et 
al. (1982) for micrometric TiO2. 
Figure 8 shows the size distribution of the SiO2 aerosol, when dropping 
5.5 g of powder. The size distribution is bimodal, with a maximum at 38 nm and 
another at 8.05 μm, when sizes are represented by the aerodynamic diameter. 
When the particle size is represented by the mobility diameter, these maxima 
correspond to 38 nm and 7.97 μm. The second maximum indicates that there is a 
resuspension of the micrometric nanostructured agglomerates of the powder, 
whereas the first one indicates the presence of ultrafine aggregates coming from 
the break-up of the micrometric agglomerates. The existence of ultrafine 
aggregates has been checked by SEM visualization of the particles collected on 
the ELPI stages, as shown in figure 9. Figure 9 also shows that SiO2 particles 
have a fractal structure. 
The effect of the experimental conditions on the nanostructured 
micrometric agglomerates can be analyzed by considering the aerosol mass 
concentration. Figure 7 shows the total mass concentration estimated from the 
ELPI measurements of SiO2 aerosols, for different heights of fall. As it was the 
case for TiO2, aerosol mass concentration depends on the height of fall following 
a power law. Exponent value has been found to be 1.57, in good agreement with 
previous works. 
Comparing TiO2 and SiO2, for a same volume of dropped powder, the 
mass concentration (normalized by the dropped mass) is almost the same for both 
powders, although a little higher for fumed silica. For a same mass of dropped 
powder, fumed silica generates a much more concentrated aerosol. This indicates 
that SiO2 powder is dustier than the TiO2 one. 
6. CONCLUSION 
There is a resuspension of particles in the air during the free fall of nanopowders. 
Some particles are actually micrometric agglomerates already present in the 
original powder. The resuspension of these agglomerates agrees qualitatively 
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previous works for micrometric particles. However, there is also a release of 
ultrafine aggregates, coming from the breakage of the micrometric agglomerates. 
A numerical code has been used to simulate the fall of a particle cluster for 
small and moderate drop Reynolds number by an Eulerian-Lagrangian approach. 
It has been shown that a particle resuspension is possible, due to the deformation 
of the particle cluster during the fall and during the impact against a solid surface. 
Some numerical improvements (in development) are still required to extend the 
simulations to the same aerodynamic conditions of the experiments. 
NOTATION 
a particle radius, m 
C coefficient 
D diffusion coefficient, m2/s 
Fr Froude number, - 
g acceleration of the gravity, m/s2 
h height of fall, m 
k Boltzmann’s constant, 1.381·10-23 Nm/K 
N number, - 
P pressure, Pa 
Pe Peclet number, - 
R particle cluster radius, m 
r position, m 
Re Reynolds number, - 
St Stokes number, - 
T temperature, K 
t time, s 
U velocity, m/s 
u fluid velocity, m/s 
V volume, m3 
Greek Letters 
ε void fraction, - 
φ source term, Pa/m 
μ viscosity, Pa·s 
ν kinematic viscosity, m2/s 
ξ random value, - 
ρ density, kg/m3 
τ relaxation time, s 
Superscripts 
* particle-to-fluid ratio 
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Subscripts 
D drag 
d particle drop 
f fluid 
p particle 
s source 
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